The purpose of this study was to assess the physiological demands of a half-marathon race on a group of ten recreational runners (8 men and 2 women). The average running speed was 223.1 ± 22.7 m.mini1 (mean ± SD) for the group and this represented 79 ± 5% V02 max for these runners. There was a good correlation between V02 max and performance time for the race (r = -0.81; p < 0.01) and an even better correlation between running speed equivalent to a blood lactate concentration of 4 mmol.r1 and performance times (r = -0.877; p < 0.01). The blood lactate concentration of 4 of the runners at the end of the race was 5.65 ± 1.42 mmol.rF (mean ± SD) and the estimated energy expenditure for the group was 6.22 M.J. While there was only a poor correlation between total energy expenditure and performance time for the race, the correlation coefficient was improved when the energy expenditure of each individual was expressed in KJ.kg 1 min1 (r = -0.938; p < 0.01).
INTRODUCTION
The physiological characteristics of successful endurance athletes have been extensively studied and well documented (Milvey, 1977) . These athletes have a characteristically large capacity for both oxygen transport and oxygen utilisation as reflected by their high maximum oxygen uptake (V02 max) values (Hermansen, 1973) . A high V02 max value is a necessary pre-requisite for high speed running because the oxygen cost of running is directly proportional to running speed. The ability to utilise a large proportion of V02 max, for prolonged periods of time, is also a characteristic of the well trained endurance athlete. During, for example marathon races the successful athletes appear to be able to utilise between 75-85% of their maximum aerobic capacities for the duration of the race (Costill and Fox, 1969; Costill, 1979; Davies and Thompson, 1979; Wells et al, 1981) . The % V02 max that an individual can sustain for a prolonged period of time is largely dependent on the capacity of working muscles to cover their energy needs by aerobic metabolism. When the exercise intensity is such that anaerobic metabolism has to compliment the aerobic production of energy, endurance capacity is reduced because of the increased rate of utilisation of the limited muscle glycogen stores (Karlsson and Saltin, 1971; Williams, 1982) .
As a consequence of the extensive study of the physiological characteristics of successful endurance athletes, a strong association has evolved between V02 max and endurance capacity. This association has been such that V02 max alone has been used as an indicator of endurance capacity in particular, and fitness in general (Astrand and Rodahl, 1977; Cooper, 1968; Shepherd et al, 1968) . There is however evidence to suggest that V02 max per se is largely genetically predetermined (Komi and Karlsson, 1979) and that training-induced increases in endurance capacity are independent of V02 max (Williams, 1981; Bland and Williams, 1982) . Furthermore the recent popular interest and participation in long distance running has attracted individuals with modest V02 max values, who as a result of training, have developed the endurance capacity to complete marathon races. Therefore the purpose of the present study was to examine the relationships between the physiological characteristics of a group of recreational runners and their performance times in a halfmarathon race.
METHODS
The ten individuals, eight men and two women, who volunteered for this study were recreational runners who had taken part in a number of previous studies and who were, therefore, very familiar with the laboratory procedures employed in this investigation. All of the subjects had been running for at least a year, covering on average between 90 and 180 km a week in training. One of the women and four of the men had trained for and completed a marathon in the year prior to this study, their times being 4 hours, 3.25 hours, 3.33 hours, 3.56 hours for the woman and the three men respectively.
The half-marathon distance (22.1 km) was (Taylor et al, 1955) . In addition each subject underwent, on a separate day, a submaximal running test on a level treadmill. This test involved continuous running for 4 minutes at 4 different speeds which were chosen so as to demand 60 to 95% of each individual's V02 max. Blood samples were obtained every 4 minutes from the thumb of each subject without interrupting their running; each of the duplicate 25 lI blood samples was deproteinised in 250 Ml of 2.5% perchloric acid, centrifugecrozen and then stored at -200C. During the V02 max test expired air samples were collected during the last minute of each 3 minute period whereas during the level running test expired air samples were collected during the last minute of each 4 minute period. The subject breathed through a low resistance respiratory valve (Jakeman and Davies, 1979) and lightweight wide-bore tubing (30 cm) into 150 litre capacity Douglas bags. The heart-rates of each subject as well as ECG profiles were monitored during treadmill running using chest electrodes and a Camtrace oscilloscope (Cambridge Instruments Ltd.). (Olsen, 1971) . The coefficient of variation of this analytical procedure was 3.0% when determined for blood samples taken during exercise. Regression equations were calculated for the relationship between the oxygen consumption and running speed for each individual. Individual regression equations were then used to estimate the oxygen cost of running at race pace. The speeds equivalent to blood lactate concentrations of 4 mmol.r (V 4mM) were derived from the relationship between blood lactate concentrations and running speeds for 9 of the 10 subjects.
ANALYSES

RESULTS
The ages, heights and weights of the ten subjects are shown in Table I along with the results of the maximum oxygen uptake tests. The mean V02 max value for the group was 58.1 ± 5.5 ml.kgFt min' (mean ± SD) whereas the values for the eight men and two women in the group were 59.9 ± 4.6 and 50.9 ± 0.3 ml.kgS1 min1 respectively. Maximum ventilation rates for the women were lower than the values for the men but there were no differences between their maximum heart-rates (Table 1 ). The oxygen cost of submaximal treadmill running over a range of speeds is shown in Figure 1 ; the regression equation describing this relationship is Y = 0.200 x +1.19 (where X represents running speed in m.min'-). The two women did not run at the highest speed shown in Figure 1 because the oxygen demands of this speed were in excess of their V02 max. The race times for the half-marathon along with the estimated oxygen cost and estimated % V02 max utilised by the runners during the race are shown in Table I The blood lactic acid concentrations of the four subjects for each of the 4 laps are shown in Table IV . Each of these four subjects appeared to be able to maintain a consistent average speed as reflected by their times for the 4 laps of the course (Table IV) . Figure 2 shows the relationship between blood lactate concentration and running speed for subject I and also the derivation of the speed equivalent to 4 mmol.Fr (v 4mM) for this subject. In Figure 3 the changes in blood lactate concentrations, over a range of running speeds, are shown for the four subjects from whom blood samples were obtained during the race, and in Figure 4 the running speeds have been expressed in terms of the % V02 max utilised at each speed. The running speeds equivalent to a blood lactate concentration of 4 mmol.F1 (V 4mM) and the % V02 max that these speeds represent are shown in Table IV along with the relationship between racing speed and V(4mM). Whereas the % V02 max utilised during the race was 78% for 9 of the runners, the speed equivalent to V(4mM) represented 84% V02 max. There was a good correlation between each individuals racing speed and their running speed at V(4mM) (r = 0.89; p < 0.01).
The energy expenditure of the group during the halfmarathon race was estimated from the respiratory exchange ratio (R) and the oxygen cost of treadmill running at race pace (Table V) and was found to be 6.27 M.J., with a range of individual values between 5.47 M.J. and 7.61 M.J. The lowest total energy expenditure was 5.47 M.J. was achieved by one of the women, subject A (Table 11 ). In contrast, the largest total energy expenditure was achieved by one of the men, subject E (7.61 M.J.) who had a slower running The relationship between blood lactate concentrations (mmotr') and running speeds expressed as % V02 max for each of the four individuals from whom blood samples were also obtained during the race (symbols are the same as shown in Fig. 3 ).
ml.kg1 mind-reported for elite endurance athletes (Astrand and Rodahl, 1977; Costill, 1979; Davies and Thompson, 1979) . Neither did the performance times of these subjects approach the times expected from elite or nationally ranked distance runners. The winner's time for this race was 68 minutes, which was 15 minutes faster than the finishing time of the fastest of the recreational runners. Estimating the oxygen cost of the winners average race pace of 310. (Fig. 1 ) yields a value of 63.4 ml.kgF'minr.
Assuming that this individual was using between 80% and 85% of his V02 max (Davies and Thompson, 1979) The recreational runners in the present study were able to utilise an estimated 79% of their maximum aerobic capacities during the race. These results are similar to those values for endurance athletes reported by other authors (Costill, 1979; Davies and Thompson, 1979) . Although this information about the % V02 max utilised during a race is derived from the results of laboratory treadmill running, there does appear to be a good correlation between the oxygen cost of treadmill running and track running over the range of speeds observed in this study (McMiken and Daniels, 1976) . However when the race is run over varying terrain it is difficult to select a section of the course along which a representative sample of the oxygen consumption of the runners could be determined. Costill, Gollnick and co-workers (1973a) laboratory treadmill running at race pace demanded 71% V02 max (65%-78% V02 max) whereas during a flat part of the course, a downhill section and an uphill section, the runners utilised an average of 83% V02 max, 76% V02 max and 90% V02 max respectively. Thus the underestimation of the % V02 max utilised was probably due to the hilly nature of the course which was physiologically more demanding than was reflected by the average running speed for the race. In the present study the estimated % V02 max utilised by the subjects did not include a correction for wind resistance and while the performance times have been presented as average speeds or race pace, it is fully appreciated that running speed varies with the terrain. Furthermore a runner will vary his pace frequently, for short periods of time, in an attempt to maintain the highest speed while not exceeding a tolerable level of discomfort. The relative contributions of the various physiological signals to the feelings of tolerable or intolerable physical discomfort during exercise have yet to be clearly identified (Borg, 1973) .
The oxygen cost of treadmill running over a range of speeds, which included the speeds at which the halfmarathon was run, was 200 ml.kg 1 mirfl, which is similar to the values reported by other authors (Margaria, 1963; Daniels and Qldridge, 1970; Astrand and Rodahl, 1977) . There was little individual variation in the oxygen cost of running at different speeds, for example at 241.0 m.mini1 (14.45 KPH) the values ranged from 47.2 ml.kg1min'1 to 52.6 ml.kg1 mirf1 with a mean value of 49.8 ml.kg'l min1 for the group. This 5.5 ml.kg1l min' range of values for the oxygen cost of running at the same speed is relatively small in comparison with the 15 ml.kg1 mini1 range of values reported by Sjodin and Schele (1982) for endurance athletes running at 15 KPH. These authors reported a good correlation (r = 0.75; p < 0.05) between the oxygen cost of running at 15 KPH and performance times for 5000 m races. No similar relationship between "running economy" (i.e. oxygen cost of running at a fixed speed) and performance time in the half-marathon race was found in the present study. The correlation coefficient for the oxygen cost of running at 14.45 KPH and the performance time for the half marathon was r = 0.24 (N.S.). A better correlation was found between the V02 max values of the recreational runners and their half-marathon performance times (r = -0.81; p < 0.01). Similar good correlations between V02 max and running performance have been reported by other authors (Karlsson and Saltin, 1971; Costill et al, 1973b; Foster et al, 1978; Davies and Thompson, 1979) . However this relationship only holds true for a group of subjects for whom there is a range of V02 max values. This is because sustained high speed running requires a large oxygen consumption and so individuals with high V02 max values are able to run faster than those individuals with low V02 max values. Thus differences in V02 max values can explain the differences in the running performances of a group of individuals within which there is a large range of V02 max values.
While a high V02 max value is necessary for high speed running, individuals with the same or similar V02 max values may have different performance times. These differences in performance times cannot be readily explained by the different % V02 max utilised by the runners during the race because there was only a poor correlation between these two variables (r = -0.357, N.S.). In the present study the subjects D and J had the same V02 max values and yet completed the half-marathon in 1:35:0 and 1:22:47 respectively, i.e. a difference of 12 minutes or approximately 2 miles. In contrast the subjects I and J had the fastest times for the group (i.e. 1:23:40 and 1:22:47) and yet their V02 max values were quite different (68.5 and 59.9 ml.kg'l min-) (Table 11) . It has been suggested that the differences in the performances of endurance athletes with similar V02 max values are best explained by the differences in their running economy (Conley and Krahenbuhl, 1980) . There were no obvious differences in the oxygen cost of running at the same treadmill speed for the subjects D, J and I and so differences in running economy do not readily explain the differences in their performance times.
The running speeds at which blood lactic acid concentration increase above resting values have also been shown to have a better correlation with endurance performance than does V02 max alone (Farrell et al, 1979; Sjodin and Jacobs, 1981; Kumagai et al, 1982 ). An increase in blood lactate concentration reflects an increased rate of glycogenolysis in working muscles and that the exercise intensity demands a contribution to aerobic metabolism from the anaerobic degradation of muscle glycogen. The exercise intensity at which the blood lactic acid concentration increases above preexercise values has been termed the "anaerobic threshold" by some authors (Wasserman et al, 1973; Davis et al, 1976) and by other authors it has been called the "aerobic threshold" (Kinderman et al, 1979; Skinner and McLellan, 1980) . Kinderman and co-workers have suggested that exercise intensities equivalent to a blood lactate concentration of 2 mmol.rl and 4 mmol.Fl should be called the "aerobic and anaerobic" thresholds respectively (Kinderman et al, 1979) . The rationale for the use of these two reference points is that a blood lactic acid concentration of 2 mmol.Fl Represents the early increase in the accumulation of lactate above preexercise levels whereas 4 mmol.Fl is dose to the exercise intensity above which there is a rapid increase in blood lactate concentrations (Fig. 2) . Sjodin and Jacobs (1981) have called running speeds equivalent to a blood lactate concentration of 4 mmol.F1 the "onset of blood lactate accumulation (OB LA)" and a good correlation was found between running speeds equivalent to OBLA and marathon performance times of experienced runners (r = 0.96; p < 0.001). However these authors did not report the correlation coefficient for the relationship between the performance times and the V02 max values for their subjects. The performance times for the 18 runners ranged from 2:22:10 to 4:12:12 suggesting that, with such a heterogeneous group, the correlation coefficient for the relationship between performance times and V02 max values would have been at least as good as the value reported in the present study.
The correlation coefficient for the relationship between performance times in the half-marathon race and the treadmill speeds equivalent to a blood lactate concentration of 4 mmol.F' i.e. V(4mM) or OBLA, was -0.877 (p < 0.01). Therefore 77% of the variation in individual performances may be associated with the ability to run at high speeds with low blood lactate concentrations, whereas differences in V02 max may account for only 65% (i.e. r = -0.81) of the variation in individual performance times. These results are similar to those recently reported for the relationships between anaerobic thresholds of young endurance athletes and their performance times in races of 5 km, 10 km and 16.09 km (Kumagai et al, 1982) . Thus the different performance times of individuals with the same V02 max values may be partly explained in terms of their different V(4mM) values. For example the two subjects D and J with the same V02 max values had V(4mM) values which were quite different in that V(4mM) for subject D was 214.5 m.min I or 7.5 min/mile pace whereas the V(4mM) for subject J was 269.1 m.min1 or 6.0 min/mile pace. It is also of interest to note that the subject J who had a V02 max value of 59.9 ml.kj-1 min' finished the race almost one minute ahead of subject I who had a V02 max value of 68.5 ml.kgC1 minr-. An examination of the V(4mM) values for these two subjects shows that subject J had a value of 269.1 m.min'1 compared with a value of 257.4 m.mini1 for subject 1. These results show that subject J, with the smaller V02 max value was able to run at speeds almost a half a minute per mile faster than subject I with the same blood lactate concentration. The fact that subject J was able to utilise an estimated 83% of his V02 max whereas subject I was only using 76% of his V02 max may be explained in terms of these differences in the % V02 max at which there is a significant increase in muscle lactate and hence blood lactate concentrations. Therefore the assessment of an individual's endurance capacity may be best achieved by describing the % V02 max at which that individual is able to exercise without a significant increase in blood lactate concentration. The use of reference concentrations of blood lactate e.g. 2 mmol.F1 and or 4 mmol.F however, offers a more practical solution to the problem of determining at which point there is a significant increase in blood lactate concentrations because it requires less blood sampling. 159 At the end of the half-marathon the blood lactate concentration of the four subjects was 5.65 ± 1.42 mmol.r1 (mean ± SD) which was similar to the values reported for experienced male and female endurance runners covering approximately the same distances (Costill, Gollnick et al, 1973a; Haralambie et al, 1981) . As might be expected the blood lactate concentrations of the subjects at the end of the half-marathon race were less than those reported for subjects at the end of a 16 km race (7.72 ± 1.42 mmol.F ) (Costill, Thomason et al, 1973b) and greater than after a marathon (2.14 ± 0.91 mmol.F1) (Costill and Fox, 1969; Costill, 1970) . These differences in blood lactate concentrations reflect the differences in exercise intensity and the rates at which carbohydrate contributes to energy metabolism in these races.
The estimated energy expenditure for the group during the half-marathon race was 6.22 M.J. (range 5.12 M.J. to 7.61 M.J.) and it is about half the daily energy intake of active individuals (Wootton et al, 1981) . The highest total energy expenditure was incurred not by the fastest runner but by one of the men who had one of the slowest speeds, and yet who had a large oxygen consumption due to his greater body weight The speed at which he was running required a relatively low oxygen consumption when expressed per unit of body weight, however the larger the body weight, the larger the total oxygen consumption required to sustain even a slow running speed. While there was only a poor correlation between the performance time in the half-marathon and the total energy expenditure for the recreational runners, there was a good correlation between performance time and energy expenditure per minute, per unit body weight (r = 0.936; p < 0.01). This, of course, is derived from the estimated oxygen cost of running at race pace and so as expected, an equally good correlation exists between performance times of the group and estimated oxygen cost of running at race pace (r = -0.938; p < 0.01).
In conclusion the results of the present study suggest that while the V02 max values of these recreational runners were not as high as those of endurance athletes, they were able to utilise similar proportions of their V02 max during the half-marathon race. The differences in their performance times could not be explained in terms of the differences in % V02 max used by each runner during the race. The performance times were however, more highly correlated with the running speeds at which blood lactate concentrations reached 4 mmol.rF than they were with V02 max per se.
